We constrain the neutrino properties in f (R) gravity using the latest observations from cosmic microwave background(CMB) and baryon acoustic oscillation(BAO) measurements. We first constrain separately the total mass of neutrinos mν and the effective number of neutrino species N eff . Then we constrain N eff and mν simultaneously. We find mν < 0.462eV at a 95% confidence level for the combination of Planck CMB data, WMAP CMB polarization data, BAO data and high-l data from the Atacama Cosmology Telescope and the South Pole Telescope. We also find N eff = 3.32 +0.54 −0.51 at a 95% confidence level for the same data set. When constraining N eff and mν simultaneously, we find N eff = 3.58 +0.72 −0.69 and mν < 0.860eV at a 95% confidence level, respectively.
I. INTRODUCTION
The determination of the neutrino mass is an important issue in fundamental physics. The Standard Model of particle physics had assumed that all three families of neutrinos: electron neutrinos ν e , muon neutrinos ν µ and tau neutrinos ν τ are massless, and that the neutrino cannot change its flavor from one to another. However, the results from solar and atmospheric experiments [1] showed that the flavour of neutrinos could oscillate. The mixing and oscillating of flavors implies nonzero differences between the neutrino masses, which in turn indicates that the neutrinos have absolute mass. If the neutrino does have absolute mass, it will be the lowest-energy particle in the extensions of the Standard Model of particle physics. However, such observations of flavor oscillations can only show that the neutrinos have mass, and cannot exactly pin down the absolute mass scale of neutrinos. Particle physics experiments are able to place lower limits on the effective neutrino mass, which, however, depends on the hierarchy of the neutrino mass spectra [2] (also see Ref. [3] for reviews).
On the other hand, cosmological constraints on neutrino properties are highly complementary to particle physics. Massive neutrinos, if above 1eV, will become nonrelativistic before recombination [4] , leaving an impact on the first acoustic peak in the cosmic microwave background(CMB) temperature angular power spectrum due to the early-time integrated Sachs-Wolfe (ISW) effect; neutrinos with mass below 1eV will become nonrelativistic after recombination, altering the matter-radiation equality; the massive neutrino will also suppress the matter power spectrum on small scales, since neutrinos cannot cluster below the free-streaming scales [5] (see [6] for reviews). Combining various cosmological observations can put rather tight constraints on the sum of the neutrino mass. The most recent measurements from the Planck satellite [7] on the CMB in combination with the baryon acoustic oscillation(BAO) [8] [9] [10] [11] , WMAP polarization(WP) and the high-l data on the CMB from the Atacama Cosmology Telescope(ACT) [12] and the South Pole Telescope(SPT) [13] give an upper limit for the sum of the neutrino mass as * Email address: jianhua.he@brera.inaf.it m ν < 0.23eV(95%C.L.) in the spatially flat ΛCDM model with the effective number of neutrino species as N eff = 3.04. It is even more promising that with the upcoming ESA Euclid mission [14] in the near future, the neutrino mass can be constrained up to an unprecedented accuracy simply by cosmological observations [15] . The allowed neutrino mass window could be closed by forthcoming cosmological observations.
Nevertheless, it is important to recall that the constraints on neutrino properties are usually found within the context of a ΛCDM model or within the context of a dark energy model [16] . Considering different cosmological models, degeneracies may arise among neutrinos and other cosmological parameters. Cosmological constraints on neutrino properties are highly model dependent. References [15, 17] have investigated this issue in the framework of a dark energy model with varying total neutrino mass and number of relativistic species. The aim of this paper is, however, to extend such investigations to modified gravity models. For simplicity, we consider the f (R) gravity [18] and particularly focus on a specific family of f (R) models that can exactly reproduce the ΛCDM background expansion history of the Universe. This family of f (R) models has only one more parameter than the ΛCDM model, which can be characterized by
which is approximately the squared Compton wavelengths in units of the Hubble scale [19] . Cosmological constraints on these models without taking into account neutrino mass have already been presented in the literature. On linear scales, the WMAP nine-year data in combination with the matter power spectra of LRG from SDSS DR7 data can only put weak constraints on these models: B 0 < 3.86(95%C.L.) [20, 21] . Tighter constraints can be obtained from the galaxy-ISW correlation data, which puts the constraint up to B 0 < 0.376(95%C.L.) [20, 22] . Using the data of cluster abundance, the constraints are dramatically improved up to B 0 < 1.1 × 10 −3 (95%C.L.) [22, 23] . However, the tightest constraints so far come from the astrophysical tests [24] which place the upper bound for B 0 as B 0 < 2.5 × 10 −6 . On the other hand, the cosmological constraints on f (R) mod-els taking into account neutrino mass have also already been presented in the literature [25, 26] . However, these works are done within the framework of parameterized gravities. We still need to get more accurate results by solving the full linear perturbation equations in the f (R) gravity.
In this paper, we will explore the neutrino properties in f (R) gravity based on our modified version of CAMB code [27] , which solves the full linear perturbation equations in the f (R) gravity [20] . We will conduct the Markov chain Monte Carlo(MCMC) analysis on our model based on the COSMOMC package [28] and constrain the cosmological parameters using the latest observational data. Besides examining the total mass of active neutrinos m ν , we will also investigate the effective number of neutrino species N eff since a detection of N eff > 3.04 will imply additional relativistic relics or nonstandard neutrino properties [29] .
This paper is organized as follows: in section II, we will briefly outline the details of the basic equations in f (R) cosmological models. In section III, we will discuss about how the f (R) gravity impacts on the neutrino constraints. In Sec. IV, we will list the observational data used in this work. In Sec. V, we will present the details of our numerical results. In Sec. VI, we will summarize and conclude this work.
II. f (R) GRAVITY
In f (R) gravity, the Einstein-Hilbert action is given by
where κ 2 = 8πG and L (m) is the matter Lagrangian. With variation with respect to g µν , we obtain the modified Einstein equation
where
If we consider a homogeneous and isotropic background universe described by the flat Friedmann-Robertson-Walker(FRW) metric
the modified Friedmann equation in f (R) gravity is given by [30] 
Taking the derivative of the above equation, we obtain
where the dot denotes the time derivative with respect to the cosmic time t, and ρ is the total energy density of the matter which consists of the cold dark matter, baryon, photon, and neutrinos. p is the total pressure in the Universe. If we convert the derivatives in Eq.(6) from the cosmic time t to x = ln a , Eq.(6) can be written as
where E ≡ , and we set κ 2 = 1 in our analysis. In order to mimic the ΛCDM background expansion history, we can parameterize E(x) as [31] 
After fixing the background expansion, Eq.(7), governing the behavior of the scale field F (x) in f (R) gravity, can be solved numerically, given the initial condition in the deep-matterdominated epoch [20] :
where the index is defined by p + = 5+ √ 73 12 . The above initial conditions are still applied here, because the relativistic neutrinos are far less than the total amount of nonrelativistic species(including baryons, cold dark matter and nonrelativistic neutrino)in the Universe at this moment. Equation (7) has analytical solutions [32] if we ignore the relativistic species in the Universe. Noting the fact that p + > 0, our model only has growing modes in the solutions of Eq. (7), which satisfy
and our model thus can go back to the ΛCDM model at high redshift. This family of f (R) models has only one more parameter than the ΛCDM model, which can be characterized either by D or by the Compton wavelengths B 0 . In this work, we will sample D directly in our MCMC analysis and treat B 0 as a derived parameter. In order to avoid the instabilities in the high-curvature region [33] , we need to set D < 0, which keeps the Compton wavelength B always positive during the past expansion of the Universe B > 0.
We set the initial conditions for the background in Eq.(6) roughly at the point a i ∼ 0.03 around which the value of the scalar field F (x) obtained by solving Eq.(6)rather weakly depends on the exact choice of a i , given Eq(10) as the initial conditions. For the perturbed spacetime, we solve the full linear perturbation equations in the f (R) gravity based on our modified version of the CAMB code [20] . In our code, we plug in the f (R) gravity perturbation at a = 0.03, before which we set the perturbation as δF = 0,δ F = 0 such that the equations completely go back to the standard equations in the ΛCDM model.
III. THE INTEGRATED SACHS−WOLFE EFFECT AND THE CMB LENSING
Before going further to present our MCMC analysis, we will discuss in this section about how the f (R) gravity impacts the neutrino constraints. The f (R) model studied in this paper actually has rather weak impacts on the early Universe. It only has late-time effects and impacts mainly on the late-time integrated Sachs−Wolfe(ISW) effect and the CMB lensing. For the ISW effect, the f (R) gravity will suppress the power of the ISW quadrupole as the parameter B 0 which characterizes the f (R) gravity is relatively small [19] . As B 0 increases, the suppression will reach its maximum and then become reduced. Further increasing B 0 , there is a turnaround point above which the suppression will turn into excess, which increases the power of the ISW quadrupole as well as the total quadrupole. In order to better understand this phenomenon, in Fig.1 we plot the total temperature angular power spectra and the ISW spectra as well, which are calculated by
P χ is the primordial power spectrum, j l (x) is the spherical Bessel function, and ε is the optical depth between η and the present. The potential Φ − which accounts for the ISW effect, is defined by
and its derivative with respect to the conformal time η is given by
where Φ and Ψ in the above equation are the Bardeen potentials [34] and σ, Z, η T are the perturbation quantities in the synchronous gauge. We present the equivalent expressions in the synchronous gauge for Φ − here because the CAMB code is based on the synchronous gauge.
For illustrative purposes, we take the cosmological parameters for the fiducial model as the best-fitted values of 9 A s = 2.215, τ = 0.0925 [7] . From Fig.1 , we can see that the suppression of the ISW power spectra reaches its maximal around D ∼ −0.25(B 0 ∼ 0.92) then the power turns to grow from its minimal as further increasing the value of |D|. Around D ∼ −0.45(B 0 ∼ 1.94), the power spectra of the f (R) model go back to being similar to that of the ΛCDM model. The f (R) gravity and the ΛCDM model give almost the same temperature angular power spectrum at this point. However, the value of B 0 for this point depends on the cosmological parameters of the fiducial model. To show this, in Fig.2 , we plot the power spectra of the model with different values of Ω m = 0.24 and h = 0.73 which are the same as those used in Ref. [19] and keep the other cosmological parameters unchanged. We find that around D ∼ −0.37(B 0 ∼ 1.5) , the suppression reaches its maximal and around D ∼ −0.60(B 0 ∼ 3), the power spectra go back to being similar to that of the ΛCDM model. Our results are actually well consistent with Ref. [19] , if we take the same values of the cosmological parameters.
In Fig. 3 , we show the angular power spectra of the lensing potential ψ ≡ −Φ − for a few representative values of D. From Fig. 3 , we can see that, contrary to the ISW effect, f (R) gravity always enhances the power of the lensing potential. The larger the value of |D|, or equivalently, of B 0 , the more enhancement in the power spectrum of the potential. We should remark here that in the original CAMB code, ψ is calculated by using an approximation. However, this approximation does not apply to the f (R) gravity. We need to use the exact expression of Eq. (14) to calculate ψ instead. Then we follow the standard routine in the CAMB code to calculate C ψ l . The detailed derivations of C ψ l can be found in Ref. [35] .
The phenomenon as described above of the impact of the f (R) gravity on the ISW effect (e.g. Fig.1,Fig.2 ) and the CMB lensing (e.g. Fig.3 ) can be explained by the evolution of the metric potential Φ − [19] . In Fig. 4 , we show the value of Φ − /Φ −i with respect to the scale factor a. We choose the wave number as k = 3 × 10 −3 hMpc −1 from which the power of the quadrupole mainly arises [19] . Φ − is calculated by Eq. (14) and Φ −i is the value of the potential in the ΛCDM model at a = 0.03. As is well-known, the ISW effect is driven by the evolution of the potential Φ − , which depends on the relative difference of the potential Φ − at the initial time Φ −i and the present time Φ −0 . From Fig. 4 , we can see that the gravitational potential Φ − always decays in the ΛCDM model at late times of the Universe. However, in the f (R) gravity, the potential will be enhanced against such decay due to the existence of the extra scalar field δF . Φ − in the f (R) gravity will decay less than that in the ΛCDM model when the value of B 0 is relatively small (e.g. B 0 = 0.161). Then, for a certain value of B 0 (e.g.B 0 ∼ 0.920), Φ −0 at present will be comparable to Φ −i at early times. The ISW effect is canceled out at this point. For large enough B 0 (e.g. B 0 = 1.938), the potential at present will overwhelm the potential at early times Φ −0 > Φ −i and the ISW effect in the f (R) gravity will change its sign. However, the amplitude of the ISW effect in- Fig. 1 and Fig. 2 . For the CMB lensing, we can find that, contrary to the ISW effect, the angular power spectrum of the lensing potential C ψ l [35] depends on the absolute value of the amplitude of the potential Φ − , which increases monotonously with B 0 as shown in Fig. 4 . It is the case, therefore, that the larger the value of B 0 , the larger the power of C ψ l . On the other hand, neutrinos with mass heavier than a few eV will become nonrelativistic before the recombination, triggering significant impact on the CMB anisotropy spectrum. However, this situation is strongly disfavoured by current observational bounds even in the case of f (R) gravity as we shall see later. Therefore, we will not discuss this case here. Neutrinos with a mass ranging from 10 −3 eV to 1eV will be relativistic at the time of matter-radiation equality and will be nonrelativistic today, which can potentially impact the CMB in three ways(see [6] for reviews). The massive neutrino can shift the redshift of equality which affects the position and am- 
The impact of massive neutrinos on the temperature angular power spectrum and ISW effect. h=0.67
The impact of massive neutrinos on the angular power spectrum of the lensing potential.
plitude of the peaks; it can also change the angular diameter distance to the last scattering surface which affects the overall position of CMB spectrum features; the massive neutrino can affect the late time ISW effect as well. We will focus on the ISW effect in this work. In Fig. 5 , we plot the total angular power spectrum and ISW effect for a few representative values of the density of the massive neutrinos Ω ν . We can see that the massive neutrinos will suppress the power of the ISW effect and the power of the total power spectrum. We also plot the impact of the massive neutrinos on the angular power spectrum of the lensing potential in Fig. 6 . We can see that the massive neutrinos will always enhance the power of the lensing potentials.
From the above analysis, we can see that with the cosmological parameters of the fiducial model around Ω m ∼ 0.32,h ∼ 0.67, which is favored by the Planck results [7] , if B 0 < 0.92, the impact of f (R) gravity on the ISW effect and the CMB lensing is degenerate with the impact of the massive neutrinos. Moreover, for f (R) models with B 0 > 0.92, the impact of f (R) gravity on the ISW effect could partially compensate the effect of massive neutrinos since f (R) gravity enhances the power as B 0 grows if B 0 > 0.92. This compensation would further boost the degeneracy between B 0 and m ν as we shall see later.
IV. CURRENT OBSERVATIONAL DATA
In this work, we adopt the CMB data from the Planck satellite [7] , as well as the high-l data from the Atacama Cosmology Telescope(ACT) [12] and the South Pole Telescope(SPT) [13] . For the Planck data, we use the likelihood code provided by the Planck team, which includes the high-multipoles l > 50 likelihood following the CamSpec methodology and the low-multipoles (2 < l < 49) likelihood based on a Blackwell-Rao estimator applied to Gibbs samples computed by the Commander algorithm. For the high-l data, we include the ACT 148 × 148 spectra for l ≥ 1000, and the ACT 148 × 218 and 218 × 218 spectra for l ≥ 1500. For SPT data, we only use the high multipoles with l > 2000. In our analysis, the WMAP polarization data will be used along with Planck temperature data.
For comparison, we also present the results obtained from WMAP nine-year data in this work. The likelihood code [36] contains both temperature and polarization data. The temperature data include the CMB anisotropies on scales 2 ≤ l ≤ 1200;the polarization data contain TE/EE/BB power spectra on scales (2 ≤ l ≤ 23) and TE power spectra on scales (24 ≤ l ≤ 800).
In addition to the CMB data, we also add the measurement on the distance indicator from the baryon acoustic oscillations(BAO) surveys. BAO surveys measure the distance ratio between r s (z drag ) and D v (z)
where r s (z drag ) is the comoving sound horizon at the baryon drag epoch, which is defined by
where η is the conformal time and R ≡ 3ρ b /(4ρ r ). The drag redshift z drag indicates the epoch for which the Compton drag balances the gravitational force, which happens at g d ∼ 1, where
withġ = −an e σ T (where n e is the density of free electrons and σ T is the Thomson cross section). z drag is defined by 
Although the f (R) model studied in this work exhibits strong scale-dependent growth history even in the linear regime(see Fig 7) , which changes not only the amplitude but also the shape of the matter power spectra, in real space the scale of the BAO peak in the two-point correlation function of the density field does not change for this family of f (R) models:
From Fig 8, we can see that the BAO scales do not shift in this family of f (R) models. The locations of the BAO peaks in the f (R) models relative to that in the ΛCDM model shift no more than ±1.5Mpc/h, which is mainly subject to the numerical errors. In this paper, we therefore can safely adopt the BAO data. We follow the Planck analysis [7] and use the BAO measurements from four different redshift surveys:z = 0.57 from the BOSS DR9 measurement [8] ; z = 0.1 from the 6dF Galaxy Survey measurement [9] ; z = 0.44, 0.60 and 0.73 from the WiggleZ measurement [10] ; z = 0.2 and z = 0.35 from the SDSS DR7 measurement [11] .
V. NUMERICAL RESULTS
In this section, we explore the cosmological parameter space in our f (R) model using the Markov chain Monte Carlo analysis. Our analysis is based on the public available code COSMOMC [28] as well as a modified version of the CAMB code which solves the full linear perturbation equations in the f (R) gravity [20] . The parameter space of our model is
where Ω b h 2 and Ω c h 2 are the physical baryon and cold dark matter energy densities respectively, 100θ MC is the angular size of the acoustic horizon, A s is the amplitude of the primordial curvature perturbation, n s is the scalar spectrum powerlaw index, τ is the optical depth due to reionization, m ν is the sum of the neutrino mass in eV, N eff is the effective number of neutrinolike relativistic degrees of freedom and D is the parameter which characterizes the f (R) gravity. We will sample the parameter D directly in our work and treat B 0 as a derived parameter. The priors for the cosmological parameters are listed in Table I .
In this work, we will pay particular attention to the neutrino properties. We will fix N eff = 3.046 to constrain the total mass of neutrinos m ν and, in turn, fix m ν = 0.06[eV] to constrain the effective number of neutrino species N eff . Finally, we will constrain N eff and m ν simultaneously.
A. Constraints on the total mass of active neutrinos
In this subsection, we report the constraints on the total mass of active neutrinos m ν assuming N eff = 3.046. The numerical results are shown in Table II . In Fig.10 , we show the one-dimensional marginalized likelihood for the total neutrino mass m ν as well as other cosmological parameters D, n s , Ω c h 2 , 100θMC, H 0 . We start by presenting the results obtained from the data combinations associated with WMAP nine-year data . From TableII, we can find that WMAP nine-year data along place very poor constraints on TABLE I. Uniform priors for the cosmological parameters 0.005 < Ω b h 2 < 0.1 0.001 < Ωch 2 < 0.99 0.5 < 100θMC < 10.0 0.01 < τ < 0.8 0.9 < ns < 1.1 2.7 < ln [10 10 As] < 4.0 −1.2 < D < 0 0 < mν < 5 0.05 < N eff < 10.0 m ν ,Ω c h 2 and H 0 . m ν remains almost unconstrained and the 2σ(95%C.L.) range of marginalized likelihood for m ν almost spans the whole range as our priors listed in Table I . However, if we add the BAO data, the constraint can be improved significantly, because the BAO data can improve the constraint on H 0 and breaks the degeneracy between H 0 and m ν . The combination of WMAP+BAO gives
However, adding the BAO data does not improve the constraint on f (R) gravity. We find D < 0.542(B 0 < 2.54)(95%C.L.; WMAP + BAO) which is even slightly larger than the constraints obtained from WMAP data alone D < 0.518(B 0 < 2.37)(95%C.L.; WMAP). Adding the high-l measurement from the CMB can further improve the constraint on m ν because the WMAP data do not have enough accuracy on the high-l angular power spectra. The combination of WMAP9+BAO+highL places the constraint at m ν < 0.608eV(95%C.L.; WMAP9 + BAO + highL) .
Compared with the constraints associated with WMAP data, Planck data show more robust constraints on m ν as well as the f (R) gravity. Although the Planck data alone in combination with WMAP polarization(WP) data only place very weak constraints on the total neutrino mass, m ν < 0.928eV(95%C.L.; Planck + WP) , they put tighter constraints on the f (R) gravity D < 0.346(B 0 < 1.36)(95%C.L.) due to fact that f (R) gravity produces the quadrupole suppression on the temperature angular power spectra [19] and the Planck data have a more accurate measurement on the large-scale (2 < l < 50) temperature angular power spectra than that of the WMAP data. The data combination Planck+WP, however, can not put a tight constraint on H 0 , as shown in Fig.10 . Planck+WP therefore gives very poor constraint on m ν due to the degeneracy between H 0 and m ν . Therefore, it can be expected that adding BAO data can improve the constraints significantly. We find data. On the other hand, we find that the high-l data do not show a significant improvement on the constraint of m ν but slightly improve on the constraint of f (R) gravity due to the tighter constraint on Ω c h 2 (see Table II ). We find
and |D| < 0.298(B 0 < 1.14)(95%C.L.). In order to show the degeneracy between B 0 and m ν . We plot the Marginalized two-dimensional likelihood (1, 2σ contours) constraints on B 0 and m ν in Fig 9. We can see that when B 0 > 1, there are tails in the contours, which means the degeneracy sharpens here. This is because the impact of f (R) gravity on the ISW effect could partially be compensated by the massive neutrinos if B 0 > 1 as discussed previously.
B. Constraints on N eff
In this subsection, we consider the constraints on the effective number of neutrino species, N eff , assuming the total mass of active neutrinos as m ν = 0.06eV. The numerical results are shown in Table III . In Fig.11 , we show the onedimensional marginalized likelihood on the effective number of neutrino species N eff as well as other cosmological parameters D, n s , Ω c h 2 , 100θMC, H 0 . WMAP nine-year data along place rather weak constraints on the effective number of neutrino species N eff = 3.28 We find that after adding the high-l data, the constraints can be further improved. The error bars have shrunk almost by 50% compared to the case without the high-l data. The other cosmological parameters are also better constrained after adding the high-l data(see Table III The best-fit value strongly favors N eff > 3.046, which indicates the existence of extra species of relativistic neutrinos. The standard value N eff = 3.046 is only on the edge of the 1σ range (see Table III [7] . This result is expected because the f (R) models investigated in this work only change the late-time growth history of the Universe and do not change the matter-radiation equality. If the parameter Ω c in the f (R) gravity model is tightly constrained, the constraints on N eff , in this case, should be quite close to that in the ΛCDM model.
C. Simultaneous constraints on N eff and mν
In this subsection, we report the joint constraints on the total mass of active neutrinos m ν and the effective number of species N eff . In this work, we assume three active neutrinos share a mass m ν = m ν /3. The extra species of neutrinos δN eff = N eff − 3.046 are relativistic and massless. When N eff < 3.046 , the temperature of the three active neutrinos is reduced accordingly, and no additional relativistic species are assumed. Based on these assumptions, we conduct the MCMC analysis and the numerical results are shown in table IV. In Fig.12 , we show the one-dimensional marginalized likelihood on m ν , N eff and other cosmological parameters D, n s , Ω c h 2 , 100θMC. We first present the results obtained from the data combination associated with WMAP data. WMAP data along yields very poor constraints on both m ν and N eff N eff = 5.96
The m ν remains almost unconstrained and the error bars on N eff are quite large. However, these bounds can be significantly tightened by adding BAO data. We find N eff = 3.39
However, m ν still remains almost unconstrained. After adding the high-l data, we find the constraints are improved significantly. 
However, compared with the results in previous section where m ν is fixed, the constraint on N eff , in this section, is clearly weakened if m ν can vary. This point is quite different from the case in the ΛCDM model as reported by the Planck team [7] , where the joint constraints do not differ very much from the bounds obtained when introducing these parameters separately. This is because m ν is degenerate with f (R) gravity and looses the constraint on
2 and so does the matter-radiation equality. The constraint on N eff is, therefore, weakened as well. After adding the BAO data, the constraints are improved up to (26) However, we find that adding the high-l data does not show significant improvement on the constraints. 
VI. CONCLUSIONS
In this work, we have analyzed the performance of constraints on neutrino properties from the latest cosmological observations in the framework of f (R) gravity using massive MCMC analysis. We have analyzed the constraints on the total mass of neutrinos m ν assuming N eff = 3.046; we have also analyzed the constraints on the effective number of neutrino species N eff assuming m ν = 0.06[eV];finally,we have analyzed the constraints on N eff and m ν simultaneously.
To conclude, we summarize our main results with the tightest error bars in TableV and also compare them with the results obtained by the Planck team [7] within the context of the ΛCDM model. We can find that the constraints on m ν when fixing N eff = 3.046 in f (R) gravity are a factor of 2 larger than those of the ΛCDM model. When fixing m ν = 0.06eV, the constraint on N eff in f (R) gravity is almost the same as that in the ΛCDM model. However, when running m ν and N eff simultaneously, the constraints on N eff and m ν in the f (R) model are both significantly weaker than that in the ΛCDM model due to the degeneracy between the late time growth history in f (R) gravity and m ν . In summary, constraints on neutrino properties from cosmological observations are highly model dependent. Tighter constraints on the neutrino properties can only be achieved when the modified gravity models are also well constrained.
Stringent constraints on the f (R) model can be obtained on nonlinear scales using the data from cluster abundance [37] . However, the chameleon mechanism [38, 39] plays an important role on nonlinear scales. At early times, since the background curvature is very high, the nonliner perturbation for the f (R) models which can go back to the ΛCDM model at high curvature regime lim R→+∞ F (R) = 1 generally follows the "high-curvature solution" [40] , where the effective Newtonian constant in overdensity regions is extremely close to that of the standard gravity G eff ∼ G [41] and the chameleon mechanism works very efficiently in this period. If the "highcurvature solution" in high density regions could persist until present day, the thin-shell structure can be formed naturally in high density regions for the galaxies in the Universe. If the galaxies are sufficiently self-screened, the stars inside a galaxy can naturally be self-screened as well. The model thus can evade the stringent local tests of gravity. However, in high density regions, the "high-curvature solutions" are not always achieved for f (R) models at late times in the Universe. For the family of f (R) models studied in this work, neglecting the effects of massive neutrinos, we do not find any "high-curvature solutions" or "thin-shell" structures in the dense region for the models with |f R0 = 1 − F | > 10 −4 and there is a factor of 1/3 enhancement in the strength of Newtonian gravity [41] . This means that these models could be ruled out by local tests of gravity and, conservatively speaking, the viable f (R) models should be with |f R0 = 1−F | <= 10 −4 (B 0 < 5.5 × 10 −4 ) [42] . From the tightest astrophysical constraints B 0 < 2.5 × 10 −6 [24] which is in the bound of B 0 < 5.5 × 10 −4 , we can learn that, for viable f (R) mod-els, at least, the chameleon screening mechanism should work very efficiently. However, this estimation is only based on our simulations in the case without taking account of massive neutrinos. There are no N-body simulations available at the moment, to our best knowledge, that have been calibrated with neutrinos in any forms of f (R) models. To calibrate neutrinos in f (R) simulations is an urgent object of our future work.
